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Abstract:  
There has been continued research to realize the potential of wide-bandgap (WBG) semiconductors for 
power switching applications since larger band gap allows higher power and temperature operation and 
the generation of more energetic (i.e. blue) photons. As compared to other semiconductor materials, 
reduced graphene oxide (rGO) has a low bandgap energy, which limits its application for high power 
semiconductors. Blending rGO with chitosan bio-polymer widens its bandgap, which can be tuned by 
controlling the amount of chitosan. In this study, the interplay between the resultant structure and 
opto-electronic properties of rGO obtained from coconut husks via thermal pyrolysis blended with 
chitosan from squid gladii have been systematically studied. We thus report that the optical band gap of 
rGO can be systematically controlled by careful addition of chitosan in their blend. This can give it a new 
application as high power semiconductors. 
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 1. Introduction 
There has been up to date research on the acknowledgment of the potential uses of wide-bandgap 
(WBG) semiconductors for power switching applications. WBG semiconductors are semiconducting 
materials that can operate at temperatures above 150
o
C without external cooling, have the potential for 
longer lifetimes at higher operating voltages, and can switch at higher frequencies with lower power 
losses. Currently, WBG materials are increasing their importance in many industrial energy-saving 
technologies and have broad applications in power electronics and solid-state lighting (SSL) [1]. 
Presently, silicon (Si) is the most widely used in WBG technology. However, Si exhibits some serious 
limitations i.e., its voltage blocking capability, operation temperature and switching frequency [1, 2]. 
Therefore, a new generation of materials for power devices applications are required to mitigate the 
limitations of Si based materials. The use of these new materials in power semiconductor devices will 
lead to increase in the efficiency of the electric energy transformations, thus achieving a more rational 
usage of the electric energy. Devising new WBG materials will open a window for new applications 
and innovations. Reduced graphene oxide is an exciting material since its optical and electronic 
properties can be controlled by controlling the amount of oxygen functional groups. However, the 
optical band gap of rGO can be widened effectively to about 2.7eV from 1.15eV [3]. This is still below 
the bandgap limit for WBG material, which is about 3.5ev to 4.6 eV [4]. Chitosan (a partially 
N-deacetylated derivative of Chitin) is a polysaccharide consisting of D-glucosamine and 
N-acetyl-glucosamine units, connected via β-(1→4) glycosidic linkages, derived from Chitin via 
deacetylation process [5]. Deacetylation of chitin can be approached by several methods, such as 
alkaline deacetylation [6], enzymatic deacetylation [5], intermittent water washing, flash solvent and 
organic solvents deacetylation methods [6]. Among all the above mentioned ways, alkaline 
deacetylation is the most commonly used [7]. The deacetylation process does away with the acetyl 
groups (-COCH3) in N-acetyl-D-glucosamine units in Chitin and converts it to D-glucosamine units 
with no amine groups (-NH2) to form Chitosan products that are highly soluble in selective weak 
organic acids due to its relatively high reactivity as compared to the chitin [8].  
 Heng Zhao et al [9] prepared rGO-Ch composite hydrogels through self-assembly of chitosan 
molecules and rGO. Hui Yuan et al [10] synthesized rGO/chitosan nanocomposites for various 
applications. The new material was found to poses not only large specific surface area and good 
electrical properties, but also specific functional groups with properties different from those of 
iron-carbon composite, which has a wide range of industrial applications e.g. capacitors, sensors, 
catalysts, and electric/thermal conductive composites [11]. Ping Feng and coworkers [12] studied the 
proton conducting rGO/chitosan composite electrolytes as gate dielectrics for new-concept devices. 
Solution processed RGO/chitosan composite film was found to be an excellent proton conducting 
electrolyte with a high specific capacitance of ~3.2 μF/cm2 at 1.0 Hz, and it was used to fabricate 
multi-gate electric double layer transistors. Reduced graphene oxide (rGO) is a two-dimensional 
nanostructured combination of carbon and oxygen functional groups obtained after oxidation and 
reduction of graphene. During the oxidation process, C=C double bonds are broken down and oxygen 
functional groups, such as −COOH, −OH, and C−O−C, are introduced in the basal plane and at the 
edges of the graphene sheets [13]. These functional groups are further reduced by chemical, thermal, 
and electrochemical treatments to form rGO [14]. This material is attractive for a wide range of 
technological applications due to its tunable chemical [15] and atomic properties . In particular, 
chemical tuning of rGO via chemical reduction is a growing area in the current research [16]. One 
possible way to exploit these functionalities is to use rGO to create composite materials. Incorporating 
rGO sheets into correlated-electron materials offer a new pathway for tailoring their properties [17]. A 
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lot has been done on tuning the mechanical and electrical properties of rGO by blending it with 
chitosan. Little has been studied on the optical properties of rGO/chitosan composite, including the 
optical bandgap energy, and how it can vary by controlling the amount of chitosan within the 
composite material. In this research, we were able to tune the morphology of rGO using chitosan as a 
filler which resulted in a wider optical bandgap, thus improving its potential application as a WBG 
material, with an intention of replacing Si, which up to date, is being applied as a WBG material in 
many applications, despite its serious limitations i.e., its voltage blocking capability, operation 
temperature and switching frequency. 
 
2. Materials and Methods 
In this study, the materials used were extracted from the locally available biomass wastes. rGO was 
obtained via thermal pyrolysis of coconut husks, which chitosan was extracted from squid gladii via 
chemical synthesis. The absorption spectra were obtained using Agilent Technologies Carry 60 
UV-Vis spectrophotometer while the optical microscopy was done using Motic microscope fitted with 
Moticam 3.0 camera. 
2.1. Reduced Graphene Oxide Synthesis 
rGO was obtained via thermal decomposition of coconut husks biomass waste. The husks were cleaned 
using running water, to remove external dirt and dust. This was followed by drying in the sun for four 
days to remove moisture. The dried husks were further dried in a hot air oven at about 60
0
C for 6 hours 
to aid for further removal of moisture. The dry husks were grounded into fine powder (1.5 mm). 15 g of 
the powder was put in a crucible, covered with crucible lid and then wrapped in three layers of 
aluminum foil to prevent oxidation during the carbonation process.  The wrapped samples were put in a 
hot furnace at about 100
0
C for 5 hours [19]. A black powder, graphite, was obtained. The graphite 
powder was oxidized thermally in a 500 
0
C hot furnace for 5 hours to obtain reduced graphite oxide. A 
brownish powder was obtained. 0.1 g of the powder was mixed with 10 ml distilled water in a glass vial. 
The mixture was sonicated at 25 kHz for 30 min to exfoliate rGO. The solution was filtered using 0.45 
Polytetrafluoroethylene (PTFE) filters to remove un-exfoliated graphite and other debris [18]. 
2.2. Chitosan Extraction 
Four stages were followed during chitosan extraction process. They are pre-treatment stage, 
demineralization, deprotonation and deacetylation stages. The squid gladii were collected along the 
Kilifi coastal beaches (Kenya) and washed to remove external matter. This was followed by sun drying 
for four days. 10 g of the dry gladii were soaked in 50 ml of 0.01M NaOH at room temperatures for 
about 1 hour to remove non-chitin rich organic material. Here, also a small amount of proteins were 
also removed during this stage. The pre-treated squid gladii were washed and sundried for two days 
then grounded into fine powder (1.5 mm). 8 g of powder was soaked in 80 ml of 1MHCl solution at a 
temperature of about 60
0
C for 3 hours to dissolve minerals. The Demineralized powder was filtered off 
the acidic solution and washed in distilled water to remove the acid. The deprotonation process was 
aided to remove the proteins from the demineralized gladii powder. This was done by soaking the 
washed powder in 0.125M NaOH at 70 
0
C overnight.  Once the deprotonation step was complete and 
successful, the remaining component was the biopolymer chitin. The base was washed off the chitin 
powder using distilled water, then filtered to obtain chitin powder. The filtered chitin was dried in a hot 
air oven at 60° C for about 5 hours. The final step was deacetylation; conversion of chitin to chitosan. 
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This was achieved by boiling the demineralized chitin powder in of 1.25M NaOH at a 100° C for six 
hours. This was repeated thrice to obtain high deacetylated chitosan. The powder was then washed 
severally in distilled water until neutral pH. A white solid, chitosan, was obtained. The extracted 
chitosan was washed in alcohol to dissolve any non-chitosan compound. 0.01 g of the extracted 
chitosan was dissolved in 1% acetic acid and left to shake overnight in a warm water bath (about 50 
0
C). 
2.3. rGO-Ch Composite Samples Preparation 
During the composite forming process, Here, 1 ml of rGO solution each was measured into 4 clean 
glass vials labeled A, B, C and D. To vial A, 0.5 ml of chitosan solution was added to make 33% 
chitosan blend, 1 ml of chitosan solution to vial B (50% chitosan), 1.5 ml of chitosan of chitosan 
solution to vial C (60% chitosan) and lastly 0.25 ml of chitosan solution was added to vial D (20% 
chitosan). The four vials were left shaking for 3 hours under a water bath at 50 
0
C [20].  
2.4. The Optical Spectroscopy  
The absorption spectra of the pure and blend solutions were measured using Agilent Technologies 
Carry 60 UV-Vis spectrophotometer within the range of 200 mm to 500 mm at 1 mm interval. The 
spectra were then analysed using Microcal Origin Pro. The Optical band gaps (Eg) obtained from the 
use of Tauc’s relation.  
3. Results and Discussion 
3.1. Morphologies of the Solution Structures 
The micrographs in Figure 1 were obtained from thin films for 20%, 33%, 50% and 60% chitosan ratio 
in rGO/Chitosan blend solutions as presented by Figures 1 (a), (b), (c) and (d) respectively. The films of 
the blend solution were prepared by sliding method on a glass slide as suggested by Deng and 
coworkers [21]. Nucleation due to shearing forces occurred during the sliding process which resulted in 
formation of dendritic structures. According to the crystal growth theory, dendrites are formed in the 
diffusion field crystal growth. This occurs when part of the seed grows faster than the other due to the 
concentration gradient. The most favored part grows faster due to high diffusion gradient, leading to 
uneven growth (deformations). As a result, the flat seed becomes unstable, leading for formation of 
dendrites. The structures in Figure (1a) were smaller in size (20% chitosan ratio).This was due to low 
solution temperatures and high nuclei density. Dendritic crystals were formed due to growth 
instabilities that occur when the growth rate is limited by the rate of diffusion of molecules to the 
growth front. For low concentration of chitosan in the blend, the nucleation density was higher which 
brought about competitions for the few available chitosan molecules. On increasing the density of 
chitosan molecules and letting the nucleus density to remain constant, there was enough room for 
molecules to diffuse freely in solution, looking for a most favored diffusion gradient. This resulted in a 
fewer structures, but larger in size, as shown in Figure 1 (b, c,d). As the chitosan ratio increased further, 
the structures grew bigger. When the chitosan ratio in the blend was lower than that of rGO, i.e 20% 
{Figure (a)}, the structures were many, but smaller in size. This could be due to the fact that the higher 
ratio of rGO provided many seeds, on which the few available chitosan molecules got attached, thus 
resulting into small structures. As the ratio of chitosan was increased, the structures became few, but 
grew larger in size.  
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Figure 1 Micrographs of rGO/Chitosan blend solutions prepared on glass slides using sliding method with 
different chitosan ratios. Figure (a) shows the micro-structures for 20% chitosan ratio, (b) represents 33%, (c) is 
for 50% while (d) is the micrograph for 60%. All the micrographs were taken at room temperatures. (Image sizes 
are 150 X 125 µm). 
3.2. Optical Spectroscopy 
3.1.1. Optical Spectra of rGO  
The absorbance spectrum from a solution of rGO was recorded between a range of 200 nm to 500 nm 
wavelength at 1 nm interval (Figure 2). To understand the extend and be able toidentify the peaks 
(Figure 2a), the data was deconvoluted (figure 2a) using multi-Gaussian fits. The black bold line 
represents the raw data and the bold red is the fit while blue and dark cyan shows the deconvoluted 
peaks (Figure 2). It was observed  that rGO had maximum absorbance at ca 277.6 nm for P1 and ca 
231.0 nm for P2. This is in close agreement with literature. The peak at ca 231 nm in the absorption 
spectra of graphene oxide maybe  associated  with to π-π* transitions of the aromatic C–C bond [22] 
and a shoulder at ca 278 nm correspond to n-π* transition of the C=O bond [23]. The FWHM for P2 
was found to be ca 112.8 nm while for P1 was ca 59.6 nm.  
 
 
 
 
 
 
 
 
 
 
Figure 2 Absorbance spectra for rGO solution within wavelength range of 200 nm to 500 nm. Figure (a) shows 
the normalized raw data spectrum while Figure (b) shows the spectra obtained after convolution. In Figure (b), 
black spectrum represents the raw data {same spectra as one in Figure (a), red one is its fit while blue and dark 
cyan represents the convoluted peaks .after fitting. P1 had a maximum absorbance at ca 277.6.0 nm while P2 had 
a maximum absorbance at ca 231 nm. All the spectra were measured at room temperature. 
3.3. Optical Absorption of Chitosan Solution 
Figure 3 shows the UV-Vis absorption spectrum for chitosan solution measured at room temperature. 
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The data was then normalized (Figure (3a)) and deconvoluted (Figure (3b)).  Figure (3a) shows the 
normalized raw data spectrum for chitosan solution while Figure (3b) shows the spectra obtained after 
deconvolution where, blue spectrum represents the raw data, and blue and black representing the 
deconvoluted peaks. 
 Peaks P1 and P2 had a maximum absorbance at 236 nm and at 203 nm respectively. The peak 
at 236 nm (Figure 3b) could attributed to n-σ* transition of amine free electrons [24]. The FWHM for 
peak P2 was 10.2 nm while for peak P1 was 167.6 nm. We further compared the absorption spectra for 
rGO and chitosan. Figure 4 show the P1 spectra for rGO and chitosan. We observed that both materials 
absorbed strongly within the UV region of the absorption spectrum. rGO absorbs at 277.6 nm while 
Chitosan absorbs at 231.0 nm, which suggested that high photon energy is required to excite an electron 
from ground state to higher excited state. The FWHM for rGO was 59.6 nm while the one for Chitosan 
was 167.5 nm. The large chitosan FWHM was attributed to a wide distribution of crystal domains 
(wide distribution of absorbing chromophores) 
 
 
 
 
 
 
 
Figure 3 Absorbance spectra for chitosan measured at room temperature within wavelength range of 200 nm to 
500 nm. Figure (a) shows the normalized raw data spectrum for chitosan while Figure (b) shows the spectra 
obtained after deconvolution. In Figure (b), blue spectrum represents the raw data {same spectra as one in Figure 
(a), green one is its fit while black and red represents the convoluted peaks after fitting. P1 had a maximum 
absorbance at 236 nm while peak P2 had a maximum absorbance at 203 nm. 
 
 
 
 
 
Figure 4 Comparison between UV-Vis spectra for rGO and Chitosan. Figure (a) shows the raw normalized 
spectra while Figure (b) are the convoluted spectra. It was found that rGO absorbs at 277.6 nm while Chitosan 
absorbed at 231.0 nm. 
3.4. The Effect of Chitosan Ratio on rGO Absorbance Spectrum 
From the discussion above, chitosan chromophores are widely distributed towards the blue region of 
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the absorption spectrum. The broad peak implied that absorbance took place over a wide distribution of 
absorbing units. This phenomena can be attributed to different levels of order within the matrix of the 
polymeric chains. Blending a polymer with a carbon based material initiate polymer crystallization via 
induced nucleation. Once nucleation initiated, structural growth takes over. We found out that rGO has 
a maximum absorbance wavelength at 277.6 nm while chitosan has a maximum absorbance at 231.0 
nm. It can be seen that chitosan chromophores absorbs within the bluer region than rGO.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 Absorbance spectra for blend solution A, which had the ratio of rGO:Chitosan as 2:1, (33% Ch) within 
wavelength range of 200 nm to 500 nm at room temperature. Figure (a) shows the normalized raw data spectrum 
for blend A while Figure (b) shows the spectra obtained after deconvolution. In Figure (b), black spectrum 
represents the raw data {same spectra as one in Figure (a), red one is its fit while blue and dark cyan represents the 
convoluted peaks after fitting. P1 had a maximum absorbance at 264.4 nm while peak P2 had a maximum 
absorbance at 206.2 nm.  
 Figure 5 shows the normalized absorbance spectra for blend A (33% Ch), with ratio of 
rGO:Chitosan as 2:1. The peaks P1 had a maximum absorbance at ca 264.4 nm while peak P2 had a 
maximum absorbance at ca 206.2 nm. The FWHM for P2 peak was at ca 63.4 nm while that one for P1 
was at ca 52.8 nm. From the data, it was observed that the rGO low energy peak (P1) shifted from 277.6 
nm to 264.4nm after forming a blend comprising of 33% chitosan.  
 
 
 
 
Figure 6 Absorbance spectra for blend B, which had the ratio of rGO:Chitosan as 1:1, within wavelength range of 
200 nm to 500 nm. Figure (a) shows the normalized raw data spectrum for blend B while Figure (b) shows the 
spectra obtained after convolution. In Figure (b), black spectrum represents the raw data {same spectra as one in 
Figure (a), red one is its fit while blue and dark cyan represents the deconvoluted peaks after fitting. P1 had a 
maximum absorbance at 253.0 nm while P2 had a maximum absorbance at 212.7 nm. 
 The ratio of chitosan within the blend was increased to 50%, and the spectra as shown in 
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Figure 6 were obtained. In this blend, the ratio of rGO:Chitosan was 1:1. The deconvoluted peaks show 
P2 had a maximum absorbance at 253.0 nm while peak P1 had a maximum absorbance much below the 
scanning range, which was ca 212.7 nm. The FWHM for peak P1 was found to be ca 67.6 nm and ca 
119.4 nm for P2. The P1 peak was further blue shifted to 253.0 nm 
 The chitosan ratio was lastly increased to 60%. Blend C (60% Ch) had a high ratio of chitosan 
compared to rGO, i.e., 2:3 (rGO:Chitosan). Figure 7 shows the absorbance spectra for blend C. In 
Figure 7 (a) shows the normalized raw data spectrum for blend C while (b) are the spectra obtained 
after deconvolution. In Figure (7b), black spectrum represents the raw data {same spectra as one in 
Figure 7 (a), red one is its fit while blue and dark cyan represents the convoluted peaks after fitting. The 
peak P1 had a maximum absorbance at 249.4 nm while peak P2 had a maximum absorbance outside the 
scanned range, at ca 118.9 nm. The separation between the peaks was about 9.5 meV. The FWHM for 
peak P1 was obtained as ca 85.9 nm and ca 87.1nm for P2.  
 
 
 
 
 
 
 
 
 
Figure 7 Absorbance spectra for blend C (60% Ch), which had the ratio of rGO:Chitosan as 2:3, within 
wavelength range of 200 nm to 500 nm. Figure (a) shows the normalized raw data spectrum for blend B while 
Figure (b) shows the spectra obtained after deconvolution. In Figure (b), black spectrum represents the raw data 
{same spectra as one in Figure (a), red one is its fit while blue and dark cyan represents the deconvoluted peaks 
after fitting. P1 had a maximum absorbance at 249.4 nm while P2 had a maximum absorbance outside the scanned 
range. The measurements were done at room temperature. 
 We now compared the low energy peaks (P1) for pure Chitosan, pure rGO and for the three 
blends with different chitosan ratios, to visualize the effect of increasing chitosan ratio on the rGO 
absorption spectrum.  Figure 8 shows their normalized raw ((Figure 8(a)) and deconvoluted spectra for 
rGO ((Figure 8(a)).  The black spectra represent rGO spectrum, red is for chitosan, while blue, green 
and magenta represents the spectrum for blends A, B and C respectively. It can be observed that 
increasing chitosan ratio, the peaks got blue shifted. Since chitosan absorbed at bluer region as 
compared to rGO, then addition of more chitosan chromospheres over dominated the ones for rGO, 
which were kept constant. This resulted to blue shifting of rGO peak, from 278 nm to a lower value 
depending on the chitosan ratio. Chitosan peak was found to be broader than the one for rGO. This can 
be attributed to a wider distribution of crystal domains within the chitosan structures, which required 
high photon energy to promote an electron to a higher excited state. Adding more of these domains 
resulted in widening of the rGO peak. In summary, it was obtained that increasing the chitosan ratio 
resulted in a blue shifting of rGO peak, which got broadened at the same time.  
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Figure 8 Normalized spectra for rGO, chitosan and their blends at different chitosan ratio. Figure (a) shows the 
raw data spectra while Figure (b) represents their respective P1 peaks after convolution. The black represent rGO 
spectrum, red is for chitosan, while blue, green and magenta represents blends A, B and C respectively. It can be 
seen that increasing chitosan ratio, the peaks blue shifted.  
3.5 The Effect Concentration on the Optical Band Energy 
The optical absorption is dominated by the optical band gap (Eg) of the semiconductor that is related to 
the optical absorption coefficient (α) and the incident photon energy hv by using Tauc equation 
(Equation 1). 
 
                                    (1)  
In this equation, α is absorption coefficient, A is constant that is independent from ν and n the exponent 
that depends on the kind of optical transition. This constant can be ½ when the transition is 
direct-allowed and 2 when it is indirect- allowed. In this experiment, the value of n was found to be 2 
(which corresponds to indirect band to band transition) because that value of n yields the best linear 
graph of (αhν)0.5 verses hv  for rGO and all blends and ½ for Chitosan (Chitosan has direct band gap 
[25]). The photon energy is given by hv. The intersection of the straight line with the hυ-axis 
determines the optical band gap energy Eg. According to Shujahadeen, the Eg for chitosan ranges from 
3.7 eV to about 5.3 eV depending on the purity and DDA [25], while for rGO ranges from 1.4 eV to 
about 3.3 eV depending on the concentration of oxygen molecules [26]. The direct allowed energy 
band gap (Eg) must be overcome for the electronic transition from the upper level of valence band and 
the lower level of conduction band.  
 Using the Tauc’s model, we were able to estimate the energy bandgap energy as shown in 
Figure 9. It was observed that there was an increase in the optical bandgap energy with increase in the 
chitosan ratio. This was attributed to blue shifting and broadening of the rGO absorption peaks, as 
discussed above. From the study, we observed that the bandgap energy of rGO can be widened by 
blending it with chitosan. To suit a particular WBG application, the wide bandgap can be tuned to the 
required value by varying the amount of chitosan.  
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Figure 9 The relationship between (αhν)1/2(eVm-1)1/2 versus hν (eV) and the optical band gap energy (Eg) for rGO 
and the blends of rGO:Ch for A(33% Ch), B(50% Ch) and C(60% Ch). 
4. Conclusions 
In this work, we have investigated the influence of the chitosan ratio in the blend with reduced 
grapheme oxide on the absorption spectra and on the optical band gaps (Eg). From this study, we report 
that both the materials absorb in the UV region with chitosan displaying a broader and blue shifted 
spectra. The absorption spectra of the blend got blue shifted with increase of the chitosan ratio within 
the blend. Furthermore, the optical band gap of rGO increased by carefully adding controlled amounts 
of chitosan in their blend. This is result could open opportunities in high temperature conductivity, high 
power and high frequency device applications. 
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